Abstract
Methods
We evaluated flower production, floral herbivory, pollinator visitation and fruit set of two Yucca species with highly specialized pollinator mutualisms (Yucca baccata and Yucca brevifolia) in unburned and burned landscapes created by fires that occurred in the Mojave Desert in 2005.
Important Findings
Yucca baccata plants in burned landscapes had a greater proportion of flowering individuals than plants in unburned areas (23 versus 12%). All Y. brevifolia individuals in burned and unburned landscapes produced flowers. Sixty-four percent of Y. baccata inflorescences were removed due to herbivory by cattle in burned areas, compared to 51% in unburned locations. Forty-two percent of Y. brevifolia inflorescences on branches ≤2 m in height were removed in burned areas due to cattle herbivory compared to 39% in unburned locations. However, we did not observe any inflorescence removal on Y. brevifolia branches >2 m where the majority of Y. brevifolia inflorescences are produced. Yucca moths, the only known pollinators of these two species, visited Y. brevifolia uniformly in burned and unburned areas but failed to visit Y. baccata altogether. Yucca brevifolia had strong fruit production, but not a single fruit was produced among the thousands of flowering Y. baccata plants surveyed. Floral herbivory and the loss of obligate pollinator mutualisms appear to be critical threats to the long-term viability of Y. baccata populations in this landscape. the reproductive resilience of Y. brevifolia and the maintenance of its pollinator populations appear to be due to its taller stature, which allows vertical escape of flowers from ungulate herbivores. Removal of livestock during the flowering period appears to be a critical first step to restoring Y. baccata's pollinator mutualisms and capacity for sexual reproduction. 
INtRODUctION
Pollinator mutualisms are fundamental to sexual reproduction in the majority of flowering plants species (Linder 1998) . To attract pollinators, plant reproductive structures are conspicuous relative to other tissues (Fenster et al. 2004 ) and advertisements often include vibrant floral colors and shapes with characteristic fragrances. However, plants are simultaneously subject to multiple selective pressures and attractive floral displays can be detrimental to plant fitness if displays entice harmful interactions, such as herbivory. Consumption of flowers, fruits and seeds by animal herbivores can reduce pollination and reproductive success when reproductive structures are consumed or damaged to a degree that they fail to attract pollinators or sufficiently nurture propagules (Hendrix 1988; Krupnick et al. 1999) .
Plant-animal interactions can be altered by habitat disturbance. Reductions in plant population densities following disturbance can decrease sexual reproductive success directly through interference of plant-pollinator interactions (Bosch and Waser 1999) . Pollination efficiency can shift based on changes in the number of, and distance between flowers (Groom 2001) . Fewer plants across a landscape reduce the amount of pollen available for successful outcrossing and require pollinators to travel greater distances between plants. In addition, increasing isolation due to disturbance can affect plant herbivory, intensifying or reducing consumption in disturbed areas (Groom 2001; Kolb 2008) . The overall outcome of these interactions is determined by the strength of the relationships between plants and their associated animal mutualists and antagonists.
Plant dependence on animal pollinators varies widely between species. Plants that depend on one or a few related taxa for pollination services may be at greater risk of experiencing reproductive failure when interactions with pollinators are hindered or lost (Bond 1994) . Pollinators involved in these specialized plant-pollinator associations generally deliver higher quality pollen loads than floral generalist (i.e. plants pollinated by a wider taxonomic variety of species). Currently, no empirical evidence suggests that specialist pollinator species are more likely to be at risk of extinction due to habitat disturbances (Aizen et al. 2002; Ghazoul 2005) . Lack of support may be due to an absence of symmetric plant-pollinator relationships (i.e., relationships defined by a specialist plant and specialist pollinator) that have been evaluated in nature (Ashworth et al. 2004 and references therein). Disturbance effects on pollinator visitation and plant reproductive success in highly specialized plant-pollinator relationships, such as those utilized by Yucca (Agavaceae) species are not well characterized.
Human activities are increasing the size, frequency and severity of wildfires and ungulate herbivory pressure on a global scale (Bowman et al. 2009; Hebblewhite et al. 2005) , including arid ecosystems that exhibit great sensitivity to disturbance. In the Mojave, Great Basin and Sonoran Deserts the frequency and size of wildfires has surged in recent decades due to the invasion of exotic annual grasses (Brooks et al. 2004; Knapp 1996; Schmid and Rogers 1988) . Simultaneously, herbivore pressure has also increased in arid ecosystems due to livestock grazing (Jones 2000) . Plant reproduction can be severely impacted by the direct consumption of reproductive tissues by livestock during periods of flowering (Kerley et al. 1993) . The effects of fire and ungulate herbivory on plant function often overlap and can have important interactions (Wan et al. 2014a; 2014b) . However, their potential effects on plant-pollinator systems are poorly understood. Because herbivore foraging intensity can shift based on changes in plant density (Groom 2001; Kolb 2008) , and wildfires reduce native vegetation (McLaughlin and Bowers 1982) , it is possible that fire disturbances may indirectly affect the reproduction of surviving vegetation and regenerating plants in burned areas. Increases in ungulate herbivory and wildfire occurrence provide an opportunity to understand how overlapping disturbances influence pollination mutualisms and the reproductive success of plant species.
Due to the global increase of wildfires and their predicted expansion under future climate change (IPCC 2013) , and growing ungulate populations in arid ecosystems, there is a critical need to better understand their effects on plant reproductive systems. Herein, we characterize floral herbivory, pollinator visitation and plant reproductive success of Yucca brevifolia and Y. baccata, two species with large, conspicuous flowers and highly specialized pollinator mutualisms, in burned and unburned habitats of the Mojave Desert to address the following questions: (i) How do post-fire desert environments affect plant reproduction? (ii) How is plant reproduction altered in burned desert environments? (iii) How do specialist pollinator populations respond to fire and floral herbivory? (iv) What influence does plant growth form have on floral herbivory by ungulates?
MEtHODS

Study location
This study was conducted in the Beaver Dam Wash (37.14 N, 114.03 W) in the northeastern region of the Mojave Desert in 2013 and 2014. This region of the Mojave Desert is characterized by low growing perennial shrubs (Shreve 1942) . The dominant flora consists of blackbrush (Coleogyne ramosissima), creosote bush (Larrea tridentata), white bursage (Ambrosia dumosa), Joshua tree (Y. brevifolia) and Datil Yucca (Y. baccata). The landscape has experienced large-scale fires in recent years and invasive species including red-stem filaree (Erodium cicutarum) and the winter annual red brome (Bromus rubens) are common across the landscape. The size of the study area is approximately 19 × 8 km and has portions of three independent wildfires that burned in the summer of 2005. The size and dates of the three wildfires are: Westside (June, 27 059 ha), Burgess 1 (July, 60 ha) and Burgess 2 (July, 712 ha). Cattle graze yearly in the study area from October to June.
Study species
Yucca species vary in size from small rosettes to large, arborescent plants; all producing inflorescences containing tens to hundreds of flowers pollinated by Yucca moths. Yucca baccata Torr. (Agavaceae), (hereafter referred to as 'Y. baccata') is a native perennial shrub that typically grows a meter in height and is distributed across the southwestern United States (USDA 2015). The leaves are densely clustered around the stem near the ground and have re-curved fibers along the margins and end with a stiff spine at the apex. Flowers are produced in dense inflorescences found in the center of the rigid leaves. Reproduction is possible through successful pollen transfer and the propagation of basal nodules and sprouts from rhizomes.
Yucca brevifolia Engelm. (hereafter referred to as 'Y. brevifolia') is an arborescent species that can reach heights greater than 5 m. Its range generally follows Mojave Desert boundaries from southwestern Utah into southern Nevada, western Arizona and southeastern California (Cole et al. 2011) . Form and size vary across its range (Maxwell 1971) . Flowers occur in dense, heavy inflorescences (Welsh et al. 1993) . Flower and seed production is episodic, and wet years are suggested as best for reproduction (Maxwell 1971) .
All species of Yucca (Agavaceae) are pollinated by moth species in the genera Tegiticula and Parategiticula (Proxidae), and the biology and activity patterns of the distinct Y. baccata and Y. brevifolia pollinator species are similar (Pellmyr 2003) . After emerging from pupation near the base of Yucca plants, female moths collect pollen, and fly to another inflorescence. Eggs are oviposited into the ovary of a new flower, which is then followed by deposition of pollen on the stigmatic surface. Maturation of the flower into fruit is vital for the survival of the developing larvae, which feed exclusively on Yucca seeds. Not all seeds are consumed, allowing both the Yucca plants and their moths to reproduce (Powell 1992) .
Experimental design and surveys
We set up a grid of survey transects across the study area that spanned both burned and unburned locations for Y. baccata (19 burned, 16 unburned) and Y. brevifolia (4 burned, 10 unburned). Site locations for Y. brevifolia in burned areas were limited because post-fire survival for this species was significantly lower than Y. baccata. The transect grid was set up with a site spacing criteria of >0.5 and <2 km between each transect location to create even survey coverage across the entire study area and to provide space to maximize the potential of finding large enough populations of both species to survey. Yucca baccata site surveys were conducted along four equidistant transect lines radiating out from a center point. Each of the transects was walked until 125 plants had been scored resulting in 500 plants surveyed per site, which typically occurred within 100 meters of the center point. All plants that were visible from the transect line were counted to avoid selection bias. Yucca brevifolia density on the landscape was low so we surveyed it along 200 m linear transect lines that typically had between 10 and 50 plants per transect. Data collected along transects were averaged to generate a single data value for each site location. We evaluated inflorescence removal of all Y. brevifolia branches on each plant and also characterized floral removal on inflorescences <2 m from the ground that would be within reach of livestock (Kerley et al. 1993; Zamora et al. 2001) . Floral herbivory was easy to determine by the presence of the base of the peduncle, which was still fleshy to some degree with clear evidence of tearing (Fig. 1 ). Cattle were seen removing Yucca inflorescences by a researcher (Brock McMillan, Personal communication) . Floral surveys were completed in early May of 2013 during the peak flower period and fruit counts were conducted in early June of 2013.
The only other large herbivores at our study sites are deer and we cannot exclude the possibility that they may have contributed to the herbivory effect. However, we believe their impact was negligible for three reasons. First, cattle are much more abundant on the study landscape. Second, deer have significantly smaller body and mouth sizes making it anatomically difficult to reach the large inflorescences with enough grip and force to tear the thick peduncle (Hanley 1982) . Third, we routinely found abundant cattle tracks around Yucca with removed inflorescences but almost never observed deer tracks.
Yucca moth surveys
Sticky traps were used to assess pollinator visitation to flowers of both Yucca species. We created traps by folding plastic sheets into rectangles that were then attached around a peduncle using a plastic tie. Yucca brevifolia traps were similar to Y. baccata traps, but were bowed and fastened together at the ends to form a cylinder that could then be placed around a single inflorescence. Yucca brevifolia traps were placed on inflorescences >3 m above the ground so they would not be disturbed by livestock. Tangle trap natural insect trapping adhesive (BioQuip products, Rancho Dominguez, CA) was applied to trap surfaces to capture insects that landed on or brushed the trap surfaces. Twenty-five of the initial 58 traps installed on Y. brevifolia inflorescences were destroyed or lost due to high winds, resulting in 33 total traps (13 unburned, 20 burned). Traps were positioned on inflorescences containing open, sexually receptive flowers during a two-week trapping period from the last week in March to the first week of April 2013.
Yucca baccata moth trapping occurred in mid April 2013, when flowers were fully developed. However, our pollination surveys for Y. baccata failed in 2013 because so many of the inflorescences were removed by cattle. To overcome this problem we repeated the Y. baccata pollination surveys in mid April 2014 by placing 2 m tall wire fencing around eight Y. baccata plants (four in burned areas, four in unburned locations) with early developing inflorescences at locations spread across our study landscape. Fencing allowed access to small (<5 kg) but not large mammals and were effective at preventing inflorescence loss to cattle.
Statistical analysis
Linear mixed-effects models (nlme package in R) were used to model the effects of our data. In these models, burn condition was specified as a fixed effect and sample site was specified as a random effect. Proportional data were analyzed using a Logit-transformed linear mixed model (Warton and Hui 2011) . Assumptions of normality and homoscedasticity for each model were inspected using comparisons of variance and residual plots (e.g. histogram, scatterplot, and qqnorm of residuals), and the best-fit model distributions were determined based on log-likelihood values. Moth count data was log transformed to meet the assumptions of the model. All calculations, models, assumption analyses and determinations of statistical significance were performed using program R software language and environment for statistical computing (R Development Core Team 2008).
RESULtS
Yucca reproduction in burned and unburned landscapes
A significantly greater proportion of Y. baccata plants produced flowers in burned environments than plants in unburned areas (23% versus 12%) (F 1,33 = 20, P < 0.0001) (Fig. 2) . All Y. brevifolia plants surveyed in both burned and unburned environments flowered (Fig. 2) . Flowering Y. baccata plants averaged around 50 flowers per plant while Y. brevifolia plants averaged close to 900 flowers per plant, and floral production for both species was equally successful in burned and unburned areas (Fig. 3, supplementary Fig. S1 ). Yucca brevifolia fruit production averaged approximately 100 fruits per plant and did not differ between burned and unburned environments (Fig. 3, supplementary Fig. S1 ). In contrast, among the thousands of flowering Y. baccata plants we surveyed none produced fruit (Fig. 3) .
Floral herbivory
Total floral herbivory levels were drastically different for the two Yucca species. Inflorescence removal for Y. baccata was high across the study area and was significantly greater in burned areas compared to unburned landscapes (64% versus 51%) (F 1,33 = 5.5, P = 0.02) (Fig. 4) . Total herbivory of Y. brevifolia inflorescences was less than 6% due to a high proportion of inflorescences being produced on upper branches. However, approximately 40% Y. brevifolia inflorescences produced on branches < 2 m in height were removed, a pattern that was uniform in burned and unburned landscapes (Fig. 4, supplementary Fig. S1 ). In the experimental exclosures none of the Y. baccata plants lost their inflorescence to herbivory.
Yucca moth visitation
Moth visitation varied strongly between Yucca species but did not vary significantly between burned and unburned areas. Yucca baccata traps failed to indicate any pollinator visits, with counts of zero for both burned and unburned areas (Fig. 5) . In contrast, moths were collected on Y. brevifolia traps but visitation rates did not differ statistically between burned and unburned areas (F 1,23 = 1.4, P = 0.23) (Fig. 5) .
DIScUSSION
Yucca reproduction in burned landscapes
The proportion of Y. baccata individuals producing flowers in our study was significantly higher in burned environments (Fig. 2) . Flower production requires substantial allocation of carbon, nutrients and water, and is therefore a significant resource investment (Bloom et al. 1985) . Due to these costs, plants in resource-poor environments such as deserts (Hadley and Szarek 1981) may not initiate flower production until specific resource thresholds have been met (Beatley 1974) . The higher proportion of flowering Y. baccata individuals in burned areas may be due to positive responses of surviving or regenerating plants to post-fire conditions. Plants surviving in burned landscapes can be released from soil resource competition due to decreased plant density following wildfires (Brisson and Reynolds 1994) . Increased growth and improved nutrient and water relations have been observed for surviving shrubs in post-wildfire desert landscapes (Horn et al. 2015) .
Fire and herbivory effects on Yucca reproduction
Herbivores consumed substantial proportions of Y. baccata floral tissue in our study area (Figs 1 and 4) . Interestingly, floral herbivory of Y. baccata was most pronounced in burn areas (Fig. 4) . While we do not have data to test specific mechanisms for this we offer two hypotheses. First, lower woody plant densities in burned habitat could provide easier movement for large cattle and greater visibility of flowers. Second, unburned locations had greater biomass and more diverse forage options that may have diverted attention away from Y. baccata inflorescences. Consistent with our results, cattle have been shown to consume Y. elata inflorescences in southern New Mexico (Kerley et al. 1993) . Cattle have been reported to stand on their hind legs to reach Y. elata flowers, which can make up to 70% of their diet during dry periods (Herbel and Nelson 1966) .
Variation in floral herbivory between Y. baccata and Y. brevifolia is most likely the result of different growth form strategies. Mature Y. brevifolia heights can exceed 8 m, and the earliest flowers are not usually produced until plants have reached 2.5-3 m in height (McKelvey 1935) . Kerley et al. (1993) also reported that caudices produced above 1.7 m in height suffered no floral grazing by livestock. Browsing for many ungulates is limited to heights <2 m (Kerley et al. 1993; Zamora et al. 2001) , suggesting that low herbivory proportions for Y. brevifolia compared to Y. baccata is likely explained by taller branch heights, which separate the majority of flowers produced by Y. brevifolia from the reach of herbivores. Yucca brevifolia inflorescences on branches <2 m showed similar browse levels to Y. baccata (Fig. 4) supporting the idea that vertical escape from herbivory, not differences in preference for inflorescences, is the driving force between differences in floral herbivory among the two species.
It is possible that the heights reached by Y. brevifolia are the vestige of a growth escape strategy from now extinct megaherbivores. The extinct Shasta ground sloth (Nothrotheriops shastensis Sinclair) that reached 2 m in height consumed Y. brevifolia fruit as evidenced by seeds preserved in dung samples (Laudermilk and Munz 1934) . Understanding what other selective advantage(s) a desert succulent gains by reaching such unusual heights is perplexing at best. The structural resource requirements and hydraulic vulnerability associated with greater height appear to be costly investments, especially in an ecosystem characterized by low water and soil resource availability and little to no light limitation (Hadley and Szarek 1981) . It is possible that increased height may facilitate water storage in the stem or the avoidance of high surface temperatures or wildfires; however, these benefits might well be accomplished with a lower average vertical growth than is currently reported for the species (Cole et al. 2011 and references therein) . Although further testing and analyses are required to better understand the evolutionary influences that pushed Y. brevifolia to such great heights, the vertical positioning of inflorescences appears to explain the differences in susceptibility to floral herbivory by ungulate herbivores in this study.
Pollinator mutualisms
Differences in fruit set for Y. baccata and Y. brevifolia emphasize the high potential risk associated with plants that have specialized pollinator relationships and the importance of evaluating effects on both plants and their associated pollinators when predicting plant reproductive responses to habitat disturbances (Ashworth et al. 2004) . Yucca brevifolia individuals in burned areas had approximately the same proportion of fruits per plant compared to unburned locations (Fig. 3) and were not statistically different in moth visits (Fig. 5) , despite lower plant densities in post-fire landscapes. The flight ability of Yucca moths is thought to by quite limited, with 80% of pollen transfers occurring within 8 m of the source plant for Y. filamentosa (Agavaceae) (Marr et al. 2000) , suggesting moths were residents of the burned areas. Ground nesting solitary bees are largely expected to survive the immediate effects of fire (Cane and Neff 2011) , and the same may be true for Yucca moths, which also 'nest' underground in cocoons while in diapause (Pellmyr 2003) , but further tests are required to determine moth survivability following desert wildfires.
The lack of evidence for moth visitation to Y. baccata flowers and their complete failure to set fruit demonstrates the potential consequences that disrupted specialized plant-pollinator interactions can have on plant reproductive success. It is possible that fruits were produced and aborted, but selective fruit abortion in Yuccas is often the result of resource, not pollinator limitation (James et al. 1994) . Flowers may also be abscised to mitigate parasitism in pollinating seed-eating systems when the costs of lost seed outweigh the benefits of pollination (Pellmyr and Huth 1994) . However, we saw no evidence of this in our study. The absence of Yucca moths from Y. baccata traps, coupled with complete failure of fruit production for thousands of plants surveyed, suggests Y. baccata flowers were not successfully pollinated (Figs 3 and 5) . It should be noted that we did not survey pollinator visitation to Y. baccata as intensively as Y. brevifolia simply because we had to build an exclosure around each Y. baccata plant to assure it would not be eaten in order to conduct the pollinator survey. However, the complete absence of moths on traps for eight plants over a 2-week period suggests a very limited pollinator community for Y. baccata.
High levels of inflorescence removal by ungulate herbivores (Fig. 4) are likely to have strong negative impacts on Yucca moth populations over time. Low pollinator abundance coupled with the limited foraging ranges associated with Yucca moths may explain why undamaged Y. baccata flowers failed to be pollinated. Such vulnerability can result from specialization characterized by a high degree of mutual dependence when a component species on either the plant or pollinator side of the relationship is lost (Kearns et al. 1998) . If ungulate herbivores were removed to allow flowering to occur unhindered, successful fruit set may return if local reserves of diapausing larvae have not been lost.
Ecological implications
Ecological disturbances can affect plant-pollinator interactions in various ways (Kearns et al. 1998 and references therein). Evidence provided here suggests that ungulate herbivores can have drastic consequences on plant seed production and pollinator systems. Temporarily removing livestock from Yucca populations during peak flowering periods in spring may provide the necessary opportunity for disrupted plant-pollinator interactions to recover. Additionally, fire is considered a major threat to the maintenance of arid ecosystem processes and the conservation of native plants and animals in the Mojave Desert (Lovich and Bainbridge 1999) . The occurrence of fire disturbance is most likely going to intensify, and the persistence of plant populations will therefore be more dependent on pollinators successfully transferring pollen across increasingly fragmented landscapes (Amarasekare 2004 ).
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